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ABSTRACT
We demonstrate reversible, light-controlled conductance switching of molecular devices based on photochromic diarylethene molecules.
These devices consist of ordered, two-dimensional lattices of gold nanoparticles, in which neighboring particles are bridged by switchable
molecules. We independently confirm that reversible isomerization of the diarylethenes employed is at the heart of the room-temperature
conductance switching. For this, we take full advantage of the possibility to use optical spectroscopy to follow molecular switching in these
samples.
From its very start, molecular electronics has aimed for
functional devices. In their groundbreaking paper, Aviram
and Ratner presented a molecule acting as a diode, once
connected to electrodes.1 In recent years, the level of device
preparation has steadily increased, leading to a major research
interest in electron transport in molecular devices2-22 In
parallel, organic chemists have synthesized a truly impressive
library of switchable molecules, in which the electronic
communication can be controlled.23,24 These simultaneous
developments have stimulated nanoscientists to take up the
challenge to create active devices based on molecular
switches7-22 Most of this work has concentrated on four
families of molecules. First, Heath and Stoddart created
devices incorporating monolayers of rotaxanes or catenanes.7
In these molecules, an outer ring can move between two
positions on a molecular rod or cycle, respectively. Second,
several research groups have investigated molecular devices
based on redox-active molecules, including viologens, quino-
nes, and Ru-based complexes.8-13 In general, these experi-
ments are performed in an aqueous environment in order to
allow for electrochemical control of the molecule in the
junction. A third type of switch is formed by diazobenzenes.
These molecules perform a cis-trans isomerization upon
illumination, accompanied by a significant change in mo-
lecular length and dipole moment.14-16 Finally, a very
promising group of switches is formed by diarylethene
molecules, which were pioneered by Irie.17,24 These mol-
ecules can be converted from a conjugated, “on” state (top
of Figure 1a) to a cross-conjugated, “off” state (bottom of
Figure 1a), upon illumination in the visible region. The
reverse process is possible with ultraviolet (UV) light.
Diarylethenes have very attractive properties. First and
foremost, they are fatigue resistant. Furthermore, their length
change upon isomerization is negligible. This allows for
minimal mechanical stress when a molecule between two
electrodes changes conformation.
Research on switchable molecular devices has taken quite
a bumpy road. One reason for this is that independent control
experiments have been lacking. Hence, it is difficult to prove
that conductance switching is indeed due to the active
molecule. A second issue is more fundamental: a molecule
may lose its functionality once connected to an electrode.
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This is the case for diarylethenes with thiophene end groups,
which can only be converted from “on” to “off”, once
attached to gold.18,19 Theoretical studies suggest that this is
a result of strong electronic coupling between molecule and
metal.25,26 A way to circumvent this is to use nonconjugated
spacer groups between the molecule and electrode.20,21
Unfortunately, this introduces an extra tunnel barrier for
electron transport, decreasing the on-state conductance. We
designed the dithiolated diarylethenes depicted in Figure 1a,
which have a cross-conjugated metaphenyl end group.27-29
It is with these carefully engineered molecules that we
demonstrate reversible switching in gold-molecule-gold
devices at room temperature.
For our devices, we utilize two-dimensional nanoparticle
arrays, in which diarylethene switches act as molecular
bridges between neighboring nanoparticles (see Supporting
Information for details).30-32 In this way, we create an active
metamaterial, based on a combination of two nano-objects.
The role of the nanoparticles is to define a highly ordered,
two-dimensional template.33 The molecules in turn, form
conductive bridges between the particles. Hence, they offer
their specific functional properties, or, more exactly, their
switchability, to these nanostructured metamaterials. To
prepare such samples, we first create hexagonally ordered
monolayers of octanemonothiol-covered gold nanoparticles
(10 nm diameter), using self-assembly techniques (see Figure
1b). Two gold electrodes are evaporated on each array for
conductance measurements (see Figure 1c). Next, we allow
dithiolated “on”-state switches to bridge between neighboring
gold particles using a thiolate exchange reaction (schematized
in Figure 1b). We emphasize that the basic unit in our array
is a single metal-molecule-metal device. Indeed, due to
the small size of the nanoparticles, each metal-molecule-
metal junction incorporates one, or at most a few molecular
bridges. The sheet resistance of the network sample repre-
sents a spatial average of many independent molecular
junctions.31,32 Consequently, our method forms the two-
dimensional, spatial equivalent of sequential single junction
experiments as done with break junctions. The latter yield
time-averaged conductance values of molecular junctions.2,34
To test if molecular insertion is indeed successful, we
employ two independent methods (see Figure 1c). First, we
measure the conductance G before and after molecular
bridging. We find conductance enhancements of over an
order of magnitude. This demonstrates that enough molecular
bridges have formed to create percolating paths between the
gold electrodes. Second, we employ optical absorption
spectroscopy in the visible. In Figure 1d, we show optical
spectra for a single device (sample 1), both before (black
solid line) and after (red dash-dotted line) molecular insertion
of on-state diarylethenes. Both curves in Figure 1d show an
absorption peak. This feature is due to surface charge
oscillations on the nanoparticles, induced by the electro-
magnetic field of the incoming photons. The physics of this
so-called surface plasmon resonance (SPR) is well-described
by Mie theory in the dipolar, quasi-static approximation.35,32
Remarkably, the SPR is extremely sensitive to the direct
surroundings of the nanoparticles. Specifically, the permit-
tivity ε of the molecules around the nanoparticles influences
the SPR position. This gives us an independent probe to
characterize changes in the molecules assembled in the
network, due to either molecular exchange32 or molecular
switching. In Figure 1d we see that the SPR is located around
λ ) 617 nm for the alkanethiol network. After insertion of
conjugated dithiol switches, it shifts to the red (to λ ) 656
nm), since the permittivity of conjugated molecules, such
as the closed diarylethenes, is much higher than that of
octanethiols.32 Hence, these spectroscopic data independently
confirm that molecular insertion was successful.
In Figure 2, we demonstrate reversible conductance
switching of a diarylethene-bridged network at room tem-
perature. The experiment is carried out as follows. First, a
sample containing on-state bridges (sample 2) is electrically
connected inside an argon flow-cell with quartz windows.
This cell is placed within a microscope where it can be
illuminated with a 100 W Hg lamp. Two filters are used:
one for visible light (Vis-filter, 590 < λ < 650 nm) and one
for UV light (UV-filter, 300 < λ < 400 nm). We start our
measurements with the light source completely blocked. In
that case, the conductance is constant (t < 0 in Figure 2).
At t ) 0, we commence illumination with visible light. The
conductance decreases rapidly. We relate this to the dia-
rylethene bridges in the network changing from on to off.
At t ) 245 s, we apply the UV filter. Immediately, a steep
conductance increase is observed, fully consistent with
molecular off to on conversion. After 125 s of UV illumina-
tion, we turn to visible light again, repeating the experiment.
In Figure 2, we demonstrate eight conductance switching
Figure 1. Sample definition and setup. (a) Switchable diarylethene
molecules: top, closed, “on” form; bottom, open, “off” state.
Switching from on to off is possible by illumination with visible
light. The reverse is achieved by UV irradiation. (b) Schematic
picture of a two-dimensional nanoparticle network: left, virgin
network, consisting of octanethiol-protected gold nanoparticles;
right, after the molecular bridging step, the nanoparticles are
connected by “on” state diarylethene molecules. (c) Schematic setup
to measure light-induced conductance switching (illumination with
a Hg lamp). In addition, optical spectroscopy is possible using a
low-intensity white-light source. (d) Optical absorption measure-
ments on “sample 1” before (solid, black line) and after (red, dash-
dotted line) insertion of “on”-state diarylethene bridges (see (b)).
A shift of the surface plasmon peak is clearly observed. This is
accompanied by an increase in conductance of a factor of 18.
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events. To test if the effect is truly light-related, we kept the
sample in the dark after 5.5 periods (2095 < t < 2605 s).
After this, another three cycles of light-induced conductance
switching are performed. Hence, we have created a light-
sensitive device, based on carefully optimized switchable
molecules,17,27,28 each coupled to two metal electrodes.
To analyze Figure 2 further, we relate the sample
conductance to the percentage of on-state molecules via a
percolation model (see Supporting Information).36 We find
that ≈20% of the on-state molecules are converted with each
period of visible illumination, whereas ≈70% of the resulting
off-state molecules are backconverted by UV illumination.
This is a result of our choice to limit irradiation times to
avoid photodegradation. In fact, these percentages partially
explain the decay in “switching amplitude” in Figure 2. Since
fewer than 100% of the molecules are isomerized in each
illumination step, it follows mathematically that the switching
amplitude decreases with every cycle. Finally two “photo-
stationary states” are obtained: one representing the fractions
of on and off molecules after visible-light illumination; the
other after UV irradiation (see Supporting Information).
Nevertheless, also irreversible processes take place. Excessive
UV illumination of the closed form gives irreversible
photodecomposition,24 yielding a further decay of the switch-
ing amplitude and device failure. The latter was indeed the
final fate for the sample in Figure 2. Experiments in ultrahigh
vacuum or, alternatively, on sealed-off samples are expected
to yield many more switching cycles.
It is instructive to compare the response times of our
devices to those for free molecules in solution, illuminated
similarly. In the latter case, we find that ring opening (on to
off switching) takes 2 min, whereas ring closure (off to on)
takes about 20 s at 293 K. These relatively large time
constants are due to the low illumination intensities chosen.
More intense light sources (e.g., lasers) should be employed
for faster switching. Our percolation model can be used to
determine the time constants in our network devices. We
find 12 min for ring opening and 1.4 min for ring closure,
respectively. This result is consistent with previous pump-
probe experiments, where we found that the quantum yield
for ring closure decreases from 40% to 7% after metaphenyl
switches are connected to gold nanoparticles in solution.28
The observed increase of the response times upon connecting
a molecular switch to gold can have several grounds. First,
strong electronic coupling can lead to charge transfer
(electron and/or hole) from the excited molecule to the metal.
It is for this reason that previous-generation molecular
devices switched in one direction only.18,19,25,26 The metaphe-
nyl switches used here are more decoupled from the gold,
suppressing this problem. Energy transfer due to interaction
with the mirror dipoles in the electrodes can also lead to a
decrease in quantum yield. Finally, it is well possible that
some molecules within the networks are sterically hindered
in their switching process. Scanning tunneling microscopy
experiments on switches in self-assembled monolayers give
an indication for this.29 Further work is required to detail
which effect is the dominant influence on the quantum yield
reduction observed.
Although conductance switching is clearly observed in
Figure 2, it is nevertheless essential to confirm that this effect
is due to molecular isomerization indeed. For this, we note
first that the monothiol variety of these diarylethenes have
recently been demonstrated to switch reversibly after con-
nection to only one gold electrode.22,28,29 Within the present
study, we performed reference experiments on nanoparticle
networks with only octanemonothiols, as well as with
OPV-dithiol bridges (oligo(3)-phenylenevinylene). These
samples showed no switching behavior, although photodeg-
radation was observed (see Supporting Information). Nev-
ertheless, we choose to go one crucial step further and
demonstrate a direct connection between molecular conver-
sion and conductance switching in our samples. For this, we
apply optical absorption spectroscopy, using the setup
schematically displayed in Figure 1c.
Figure 3 connects conductance data to absorption spectra
for sample 1. The inset of Figure 3a, shows a spectrum taken
before illumination (t < 0, black solid curve), featuring an
SPR around λ ) 656 nm. At t ) 0, we start irradiation with
visible light. The conductance drops immediately (Figure 3a).
At t ) 172 s, we block the light source. After a period in
the dark in which G remains constant, we determine a
spectrum. The inset of Figure 3a shows that the SPR has
shifted to the blue (blue dash-dotted curve). We relate this
to molecular isomerization. Upon on to off conversion, the
electrons within the diarylethenes become more localized.
Hence, a decrease in ε is anticipated, yielding a blue shift
of the SPR. At t ) 452 s, UV illumination commences and
G increases again. We limit UV irradation to avoid degrada-
tion effects, which is a reason why G does not return fully.
After a further “dark” period, another spectrum is measured.
Figure 2. Repeated conductance switching. The conductance G is
plotted vs illumination time t, for sample 2 which originally
contained on-state bridges only (see Figure 1b). In the dark, the
sample conductance is constant (t < 0). At t ) 0, illumination with
visible light is commenced (Vis in colored top bar), leading to an
immediate conductance decrease. Upon UV irradiation (e.g., at t
) 245 s, UV in top bar), G increases again. We alternate visible
illumination (245 s) and UV irradiation (125 s) eight times, as
indicated by the colored bar. For 2095 < t < 2650 s the sample is
left in the dark. The experiment was done in an argon flow cell at
room temperature. To determine G, we recorded current-voltage
(I-V) curves, with -10 < V < 10 V, so that for each molecular
junction the bias was at most ∼10 mV (linear regime). Note that
in real time, this experiment lasted over 5 h. (See Supporting
Information.)
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Indeed, the SPR has shifted back to higher wavelengths (red
dashed curve). From this we conclude that diarylethene
molecules are reversibly converted between on and off while
bound to the nanoparticle surface. To fully connect both
kinds of data, we plot the evolution of the SPR position in
Figure 3b for three switching cycles. The SPR position and
the conductance show very similar behavior. They toggle in
unison from a higher G, higher ε state, to a lower G, lower
ε state. Both data sets exhibit a decrease in switching
amplitude, as discussed above. We emphasize that our data
cannot be explained by heating effects or photocurrents, or
by modifications in the nanoparticle networks. Indeed, after
illumination, the arrays show no distortion (see Supporting
Information). We conclude that reversible shifting of the SPR
can only be related to molecular switching within the
network. Thus, we have independently confirmed that mo-
lecular isomerization is the origin of conductance switching.
In summary, we demonstrate selective light-induced
conductance switching in ordered metal-molecule-metal
networks. To confirm that this effect is truly molecular, we
present independent, optical control experiments that reveal
a one-to-one relation between molecular isomerization and
conductance switching. In addition, it is shown that many
switching cycles are possible in these composite structures
at room temperature. We note that the open network structure
allows for the insertion of a great variety of active molecules.
Hence, nanostructured metamaterials with specifically de-
signed properties, based on the functional molecules used,
are envisioned.
Acknowledgment. This work was financed by The
Netherlands Organisation for Scientific Research, NWO, via
a Talent grant (S.J.v.d.M.) and a Pionier grant (B.J.v.W.)
and by the Swiss Nanoscience Institute, the Swiss NCCR
on Nanoscale Science, and the Gebert Ru¨f Stiftung. We thank
Hagen Aurich for support and Viviana Horhoiu and Marcel
Mayor for synthesizing the OPV molecules. We gladly
acknowledge Bert de Boer and Jan van Ruitenbeek for useful
discussions.
Supporting Information Available: Details on sample
preparation and experimental techniques, optical spectra of
diarylethene molecules in solution, experiments in ambient
conditions, photodegradation due to long UV illumination
in Ar flow cell, illumination of octanemonothiol-covered
nanoparticle networks, illumination of nanoparticle networks
bridged by OPV-dithiol molecules, scanning electron mi-
croscopy image of sample 1, and discussion of percolation
theory. This material is available free of charge via the
Internet at http://pubs.acs.org.
References
(1) Aviram, A.; Ratner, M. A. Chem. Phys. Lett. 1974, 29, 277–283.
(2) Tao, N. J. Nat. Nanotechnol. 2006, 1, 173–181.
(3) Lindsay, S. M.; Ratner, M. A. AdV. Mater. 2007, 19, 23–31.
(4) Joachim, C.; Gimzewski, J. K.; Aviram, A. Nature 2000, 408, 541–
548.
(5) Donhauser, Z. J.; Mantooth, B. A.; Kelly, K. F.; Bumm, L. A.;
Monnell, J. D.; Stapleton, J. J.; Price, D. W.; Rawlett, A. M.; Allara,
D. L.; Tour, J. M.; Weiss, P. S. Science 2001, 292, 2303–2307.
(6) Lo¨rtscher, E.; Ciszek, J. W.; Tour, J.; Riel, H. Small 2006, 2, 973–
977.
(7) Collier, C. P.; Mattersteig, G.; Wong, E. W.; Luo, Y.; Beverly, K.;
Sampaio, J.; Raymo, F. M.; Stoddart, J. F.; Heath, J. R. Science. 2000,
289, 1172–1175.
(8) Haiss, W.; van Zalinge, H.; Higgins, S. J.; Bethell, D.; Ho˜benreich,
H.; Schiffrin, D. J.; Nichols, R. J. J. Am. Chem. Soc. 2003, 125, 15294–
15295.
(9) Li, Z.; Han, B.; Meszaros, G.; Pobelov, I.; Wandlowski, Th.; Blaszczyk,
A.; Mayor, M. Faraday Discuss. 2006, 131, 121–143.
(10) Tsoi, S.; Griva, I.; Trammell, S. A.; Blum, A. S.; Schnur, J. M.;
Lebedev, N. ACS Nano 2008, 2, 1289–1295.
(11) Tran, E.; Duatti, M.; Ferri, V.; Mu¨llen, K.; Zharnikov, M.; Whitesides,
G. M.; Rampi, M. A. AdV. Mater. 2006, 18, 1323–1328.
(12) Chen, F.; He, J.; Nuckolls, C.; Roberts, T.; Klare, J. E.; Lindsay, S.
Nano Lett. 2005, 5, 503–506.
(13) Li, X.; Xu, B.; Xiao, X.; Yang, X.; Zang, L.; Tao, N. J. Faraday
Discuss. 2006, 131, 111–120.
(14) Del Valle, M.; Gutie´rrez, R.; Tejedor, C.; Cuniberti, G. Nat. Nano-
technol. 2007, 2, 176–179.
(15) Alemani, M.; Peters, M. V.; Hecht, S.; Rieder, K.-H.; Moresco, F.;
Grill, L. J. Am. Chem. Soc. 2006, 128, 14446.
(16) Comstock, M. J.; Levy, N.; Kirakosian, A.; Cho, J.; Lauterwasser, F.;
Harvey, J. H.; Strubbe, D. A.; Fre´chet, J. M. J.; Trauner, D.; Louie,
S. G.; Crommie, M. F. Phys. ReV. Lett. 2007, 99, 038301.
(17) See also: Ikeda, M.; Tanifuji, N.; Yamaguchi, H.; Irie, M.; Matsuda,
K. Chem. Commun. 2007, 1355–1357.
(18) Dulic, D.; van der Molen, S. J.; Kudernac, T.; Jonkman, H. T.; de
Jong, J. J. D.; Bowden, T. N.; van Esch, J.; Feringa, B. L.; van Wees,
B. J. Phys. ReV. Lett. 2003, 91, 207402.
(19) van der Molen, S. J.; van der Vegte, H.; Kudernac, T.; Amin, I.;
Feringa, B. L.; van Wees, B. J. Nanotechnology 2006, 17, 310–314.
Figure 3. Independent confirmation of molecular switching by
optical absorption spectroscopy. (a) Conductance switching of
sample 1: at t < 0, the sample is in the dark. At t ) 0, we start
illuminating it with visible light, followed by a period in the dark,
UV illumination, darkness, and visible light, etc. (see colored bar).
Upon visible light illumination, a dramatic decrease in G is
observed, whereas G increases upon UV irradiation. At the end of
each dark period, an optical spectrum is taken. The conductance at
that time t is highlighted by a red dot. (Inset) First three optical
spectra (see Figure 1d): black, solid line, spectrum at t ) 0; blue,
dash-dotted line, after first visible illumination, the surface plasmon
peak has shifted to lower wavelengths; red, dashed line, after first
UV illuminaton, the peak has shifted back to higher λ. Since the
off-state switch has a lower permittivity ε than the on isomer, the
optical data confirm molecular switching. (b) Plasmon peak position
vs illumination time for the entire experiment (note: same time scale
as in (a)). All spectra are taken after a period without illumination.
The plasmon peak position and the conductance (cf. red dots in
(a)) change in unison, connecting conductance switching and
molecular switching. The experiment was done in an argon flow
cell at room temperature.
Nano Lett., Vol. 9, No. 1, 2009 79
(20) He, J.; Chen, F.; Liddell, P. A.; Andre´asson, J.; Straight, S. D.; Gust,
D.; Moore, T. A.; Moore, A. L.; Li, J.; Sankey, O. F.; Lindsay, S. M.
Nanotechnology 2005, 16, 695–702.
(21) Whalley, A. C.; Steigerwald, M. L.; Guo, X.; Nuckolls, C. J. Am.
Chem. Soc. 2007, 129, 12590–12591.
(22) Kronemeijer, A. J.; Akkerman, H. B.; Kudernac, T.; van Wees, B. J.;
Feringa, B. L.; Blom, P. W. M.; de Boer, B. AdV. Mater. 2008, 20,
1467–1473.
(23) Molecular Switches; Feringa, B. L., Ed.; Wiley-VCH: Weinheim,
Germany, 2001.
(24) Irie, M. Chem. ReV. 2000, 100, 1685–1716.
(25) Li, J.; Speyer, G.; Sankey, O. F. Phys. ReV. Lett. 2004, 93, 248302.
(26) Zhuang, M.; Ernzerhof, M. Phys. ReV. B 2005, 72, 073104.
(27) Kudernac, T.; de Jong, J. J.; van Esch, J.; Feringa, B. L.; Dulic, D.;
van der Molen, S. J.; van Wees, B. J. Mol. Cryst. Liq. Cryst. 2005,
430, 205–210.
(28) Kudernac, T.; van der Molen, S. J.; van Wees, B. J.; Feringa, B. L.
Chem. Commun. 2006, 3597–3599.
(29) Katsonis, N.; Kudernac, T.; Walko, M.; van der Molen, S. J.; van
Wees, B. J.; Feringa, B. L. AdV. Mater. 2006, 18, 1397–1400.
(30) Andres, R. P.; Bielefeld, J. D.; Henderson, J. I.; Janes, D. B.;
Kolagunta, V. R.; Kubiak, C. P.; Mahoney, W. J.; Osifchi, R. G.
Science 1996, 273, 1690–1693.
(31) Liao, J.; Bernard, L.; Langer, M.; Scho¨nenberger, C.; Calame, M. AdV.
Mater. 2006, 18, 2444–2447.
(32) Bernard, L.; Kamdzhilov, Y.; Calame, M.; van der Molen, S. J.; Liao,
J.; Scho¨nenberger, C. J. Phys. Chem. C 2007, 111, 18445–18450.
(33) Bigioni, T. P.; Lin, X.-M.; Nguyen, T. T.; Corwin, E. I.; Witten, T. A.;
Jaeger, H. M. Nat. Mater. 2006, 5, 265–270.
(34) Xu, B. Q.; Tao, N. J. Science 2003, 301, 1221–1223.
(35) Mie, G. Ann. Phys. 1908, 25, 377.
(36) Kirkpatrick, S. ReV. Mod. Phys. 1973, 45, 574–588.
NL802487J
80 Nano Lett., Vol. 9, No. 1, 2009
